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ABSTRACT: The effect of isothermal and temperature gradi- 
ent operation of a supercritical fluid fractionation column on 
the composition of rice bran oil (RBO) fractions has been stud- 
ied. Application of a temperature gradient along the column 
was found to be beneficial in reducing the triacylglycerol (TAG) 
lost in the extract fraction. Utilization of higher temperature in 
the stripping section improved free fatty acid (FFA) removal 
from crude RBO. FFA acid content of the extract increased, and 
TAG content decreased with respect to time during the fraction- 
ation runs. Increasing the CO, flow rate from 1.2 to 2 L/min did 
not affect the extract composition significantly. By using the 
above approach, it is possible to obtain RBO fractions with sim- 
ilar total sterol ester content L-23 high-performance liquid chro- 
matographic area (HPLC) %, ferulic plus fatty acid esters] to that 
of the commercially available sterol ester-enriched (ca. 21 
HPLC area % fatty acid esters) margarineskpreads. 
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Rice bran oil (RBO) has been popular in India and Japan 
mainly as an edible oil source; however, worldwide consump- 
tion of RBO is expected to increase due to its potential as a 
nutraceutical/functional food (1). RBO is rich in phytosterols, 
tocopherol and tocotrienols, and research studies have shown 
that RBO has diverse health benefits such as lowering plasma 
cholesterol levels (2,3), decreasing early atherosclerosis (4), 
and inhibiting platelet aggregation (5). 

The free fatty acid (FFA) content of rice bran may be as 
high as 30-40% (w/w) if the bran is not processed properly 
prior to extraction of the oil (6). This is due to the lipolysis 
caused by the native lipase enzymes present in the bran. 

Conventional chemical and physical vegetable-oil process- 
ing techniques have several disadvantages, including using 
large quantities of water and chemicals, generating large 
quantities of waste, as well as being energy intensive (7). Fur- 
thermore, a significant portion of the nutritive RBO,compo- 
nents is lost during the conventional refining processes. Ac- 
cording to Orthoefer (8), 50% of the RBO phytosterols is lost 
during the refining process. 

Alternative deacidification processes such as methanol ex- 

*To whom correspondence should be addressed at Food Quality and Safety 
Research, NCAUR, ARS, 1815 North University St., Peoria, IL 61604. E- 
mail: dunfordn@mail.ncaur.usda.gov 

traction of FFA followed by a membrane processing (7) and 
reesterification of rice bran FFA with monoglycerides (6) 
have been reported. A supercritical fluid fractionation (SFF) 
technique has been reported for deacidification of vegetable 
oils. Refining of lampante oil (9) and deacidification of 
roasted peanut (10) and olive oil (11) with supercritical car- 
bon dioxide (SC-CO,) have been studied. Recently, Dunford 
and King (12) used an SFF tower approach to deacidify crude 
RBO and determined the optimal con‘ditions for FFA removal, 
while minimizing phytosterol and triacylglycerol (TAG) 
losses during the process. The fractionation tower utilized for 
this study (12) was operated under isothermal conditions. 
However by applying a temperature gradient along the SFF 
tower, one may improve the purity of the extract by causing 
an internal reflux in the column (13). Therefore, the objective 
of the present study was to compare the effects of an isother- 
mal or thermal gradient SFF column operation on the crude 
RBO deacidification efficiency. The effect of CO, flow rate 
and fractionation time on the extract and raffinate composi- 
tions was also examined. 

EXPERIMENTAL PROCEDURES 

Methods. Crude RBO, commercially extracted with hexane 
(Riceland Foods Inc., Stuttgart, AR), was used as a feed ma- 
terial for all the experiments. The crude oil was centrifuged 
at 3000 rpm for 20 min prior to conducting the fractionation 
experiments, and the supernatant was used as feed material 
for the SFF column. 

Extract and raffinate fractions were analyzed for FFA, 
TAG, and phytosterol contents according to methods de- 
scribed in detail by Dunford and King (12). TAG, FFA, and 
sterol fatty acid ester (StE) contents of the samples were ana- 
lyzed by high-performance liquid chromatography (HPLC) 
according to Moreau et al. (14). Lipid and sterol components 
in the oil samples were separated on a LiChrosorb Diol, 5 pm, 
100 x 3 mm column (Chrompack Inc., Raritan, NJ). The mo- 

bile phase gradient consisted of solvent A, hexanelacetic acid, 
1000: 1, vol/vol; and solvent B, hexane/2-propanol, 100: 1, 
vol/vol. The linear gradient timetable was: at 0 min, 100:O; at 
5 min 100:O; at 12 min 75:25; at 40 min 75:25; at 41 min 
100:O; at 60 min 100:0 (% A and % B, respectively). Eluent 
flow rate was constant at 0.5 mL/min. The evaporative light- 
scattering detector was operated at 40°C with nitrogen as a 
nebulizing gas at a flow rate of 1.60 L (standard temperature 
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and pressure)/min. The column heater temperature was set at 
40°C. Oil samples were dissolved in hexane (about 20 
mg/mL), and a 10 PL injection volume was used. 

Free sterol and oryzanol compositions of the samples were 
determined by a supercritical fluid chromatography (SFC), 
with an SB-phenyl-50 capillary column (10 m x 100 pm i.d., 
0.5 pm film thickness; Dionex Corp., Salt Lake City, UT). 
The carrier gas was SFC-grade CO, (Air Products, Inc., Al- 
lentown, PA). All oil components were detected and quanti- 
fied by a flame-ionization detector held at 350°C. The oven 
temperature was kept at 100°C. The injector valve sample 
loop (Valco Inc., Houston, TX) volume and injection time 
were 200 nL and 1 s, respectively. The following pressure 
program was used for the SFC analysis: the initial pressure 
was held at 100 atm for 5 min and then increased to 150 atm 
at the rate of 5 atm/min. The ramp rate at this point was 
changed to 2 atm/min until a pressure of 180 atm was 
reached. Here, the pressure-programming rate was changed 
to 5 atm/min until a pressure of 280 atm was reached. This 
was followed by rapid inverse pressure-program from 280 to 
100 atm at a rate of -100 atm/min to reestablish the initial 
pressure conditions. TAG and FFA compositions of the sam 
ples were reported as HPLC area percentages, whereas 
oryzanol, StE, and free sterols were expressed as weight per- 
centages unless otherwise stated. Each sample was injected at 
least twice, and the average of the two analyses was reported. 

Column fractionation. The SFF experiments were carried 
out on a pilot-scale (1.70 m height and 1.43 cm i.d.) packed 
column. Details of the column design and controls were pre- 
viously described by King et al. (15). The fractionation ex- 
periments were performed isobarically in the pressure range 
of 13.6-20.5 MPa. The SFF column consisted of a preheater 
and four separately heated zones. Each zone was heated to the 
desired temperature (40-90°C) using heating mantels (Glas 
Col, Inc., Terre Haute, IN). The temperature of the preheater 
was set at the same temperature as the first heated zone. The 
column was filled with CO, before the feed was introduced. 
For each run, 30 mL of crude oil was pumped into the column 
above the first heated zone by a liquid metering pump (model 
MS-188; Haskel Inc., Burbank, CA) connected to a stroke 
controller. Then the column was pressurized and allowed to 
equilibrate until the set temperatures were reached. The 
deacidification process was carried out in a semibatch mode 
of operation. CO, (The BOC Group, Murray Hill, NE) was in 
the continuous, and oil was in the batch mode. Extract and 
raffinate samples were collected from the top and bottom of 
the column, respectively. The CO, flow rate was 1.2 L/min, 
as measured at room temperature and pressure. Fractionation 
run times were 180 min unless otherwise stated. The column 
was depressurized, and residual oil was drained at the end of 
each run. Then the column was cleaned at 34.0 MPa and 90°C 
with flowing CO, for over 6 h. 

Statistical analysis. All fractionation runs and analyses of 
each extract and raffinate sample were carried out in dupli- 
cate and in randomized order with the means being reported. 
Analysis of variance of the results was performed using Gen- 
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era1 Linear Model procedure of Statistix software (Version 
4. I; Analytical Software, Tallahassee, FL). Multiple compar- 
isons of the various means were carried out by least signifi- 
cant difference test at P = 0.05. 

RESULTS AND DISCUSSION 

Crude RBO, which is used as feed material for the deacidifi- 
cation experiments, contained -7% FFA (Table 1). In a previ- 
ous study we showed that the SFF process could be an alter- 
native technique for crude RBO oil deacidification (12). The 
latter study focused on the isothermal operations of the frac- 
tionation column to understand the column dynamics and 
crude oil component interactions during the SFF fractiona- 
tion process. However, SFF of a mixture can also be achieved 
by a multiplate approach, which uses a fractionation column 
over which a temperature and/or pressure gradient (and hence 
density) is imposed along its height. 

In the present study, CO,, which is supplied to the bottom 
of the column continuously, moves upward and strips the 
more soluble components from the feed, which is operating 
in the batch mode at the bottom of the column. For the de- 
scribed temperature gradient, the higher temperature zones at 
the top of the column reduce the CO, density, condensing the 
less soluble or volatile compounds t: undergo internal reflux- 
ing. Therefore, the fluid CO, moving up the column contacts 
this condensate countercurrently, and concentration of extract 
fraction is achieved according to solubility and volatility in 
the fluid stream. Clifford (13) describes the lower section of 
the column, which holds the feed maierial, as the “stripping 
section” and the upper part (temperature gradient imposed 
section) as the “enrichment section.” This same terminology 
will be used throughout this manuscript. 

Temperature effect. The effect of isothermal and thermal 
gradient column operations on extract and raffinate composi- 
tions is shown in Table 2. The fractionation experiments were 
carried out isobarically at a relatively lower pressure (20.5 
MPa) since our previous study showed that TAG and phytos- 
terol losses increased with increasing pressure during SFF of 
crude RBO (12). TAG concentration of the extract fraction 
was significantly lower than that of the raffinate fraction for 
all the experimental conditions studied (Table 2). This is due 
to the low solubility of TAG in SC-CO, at this low solvent 
density. When a thermal gradient is applied along the column, 
the TAG concentration of the extract was lower and FFA con- 
centration higher, relative to results achieved under isother- 
mal operation. Such a result was expected, since imposing a 

TAWE 1 
Crude Rice Bran 0il Compositiona 
Triacylglycerols (HPLC area %) 
Free fatty acids (HPLC area %) 
Oryzanol (wt%) 
Free sterols (wi%) 
Sterol fatty acid esters (wt%) 

aHPLC, high-performance liquid chromatography. 

70 + 2 
7.0 + 0.5 
1.3 20.1 

0.33 + 0.03 
3.6 + 0.3 
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TABLE 2 
Effect of isothermal and Thermal Gradient Column Operations on the SFF Fraction? 

Column temperature (“0 TAGb FFAb Oryzanol’ Free sterol’ StE= 
Extract Isothermal at 45°C 52.5a 26.9” 0.24’ 0.76”,‘ 1 .65a 

45f55/65/75d 45.7= 29.ac 0.23a 0.90= 2.35bs‘ 
isothermal at 60°C 45.6’ 31.6’ 0.24a 0.a3b,C 2.2ab 
60/701a0f90d 24.2a 52.0= o.17a 1 .27d 1 .60a 

Isothermal at 80°C 36.5b 36.gd 0.45b o.70b 2.7gcpd 
a0fa5190195d 24.1a 49.3e 0.26a 1 .36d 1 .72a 

Raffinate Isothermal at 45’C 73.2e 4.ga 
45/55165175d 71 .ae 4.4a ; :;:::a 

0.2aa 3.55erfsg 
0.2ga 3.43e,i 

Isothermal at 60°C 71 .5e 4.aa 1.41e o.35a 3.a4f,g 
60170180190d 71.6=- 5.2a 1 .25Crd 0.2aa 3.5aestg 
isothermal at 80°C 72.4e 5.1a 1 .29Cfd o.2ga 4.008 
aola5190/95d 70.7e 5.4a 1.21C o.2ga 3.09+ 

aThe numbers in the same column with the same letter are not significantly different (P > 0.05). Fractionation ex- 

periments were carried out at 20.5 MPa for 180 min. 
bAs HPLC area % 
‘As w/w% (StE = sterol fatty acid esters). 
“Temperature gradient in ascending order. SFF, supercritical fluid fractionation; TAG, triacylglycerok; FFA, free 

fatty acids. See Table 1 for other abbreviations. 

thermal gradient on the column causes condensation of larger 
molecules such as TAG, when they encounter the lower CO, 
density present in the higher temperature region under iso- 
baric conditions. Such a condition creates an internal reflux, 
decreasing TAG and increasing the FFA content of the extract 
fraction. 

TAG concentration of the extract fraction decreased and 
FFA increased significantly with increasing temperature of 
the stripping section of the fractionation column (Table 2). 
TAG loss in the extract fraction can be further reduced by de- 
creasing the pressure of the system. For example, TAG and 
FFA concentrations of the extract fraction were ~10 and 
>75%, respectively, during a 3-h fractionation run at 12.2 
MPa and 45/55/65/75”C. The implication of this finding is 

Time (mln) 

FIG. 1. Effect of fractionation time on the composition of extract frac- 
tion. The crude rice bran oil (RBO) fractionation was carried out at 13.6 
MPa and 45/60/80/9O”C (temperature gradient in ascending order) and 
1.2 Llmin CO, flow rate. TAG, triacylglycerol (m); FFA, free fatty acid 
(a); oryzanol (A); free sterol (0); sterol fatty acid ester (x). HPLC, high- 
performance liquid chromatography. 

important for advocating the feasibility of the deacidification 
process using the SFF technique, since application of a ther- 
mal gradient along the column will increase the efficiency of 
FFA removal from the feed material and decrease the TG loss 
in the extract fraction. 

Oryzanol and StE contents of the extract fractions were sig- 
nificantly lower than those of the raffinate samples (Table 2). 
However, free sterol content of the fractions showed an oppo- 
site trend, a higher amount of free sterols was lost with the ex- 
tracts (Table 2). Oryzanol content of the fractions did not show 
an apparent trend with either isothermal or thermal gradient 
column operations. However, free sterol content of the extract 
fractions was significantly higher, and StE content was lower 
under thermal gradient column operation (Table 2). 

Fractionation time. TAG and FFA content of the extract 
samples changed significantly with the fractionation time 
(Fig. 1). TAG content of the extract fractions decreased from 
65.3 to 10.6% while FFA content of the same sample in- 
creased from 5.1 to 59.3% during a 480-min fractionation run. 
Free sterol composition of the extract fraction was not af- 
fected significantly by the fractionation time. Although StE 
content of the fractions showed a sharp decline during the ini- 
tial stages of the process (O-240 min), these changes became 
less pronounced later in the process (360-480 min). A slight 
decrease was observed in the oryzanol content of the extracts. 
Changes in extract composition in time are due to the changes 
in the composition of oil present in the column during the 
semicontinuous fractionation process. 

COzJEow rate. The fluid flow rate in the fractionation col- 
umn is an important operation parameter, which affects the 
efficiency of the fractionation process (12). Therefore, we ex- 
amined the effect of increasing the CO, flow rate on the FFA- 
removal efficiency. In this particular study, increasing CO, 
flow rate from 1.2 to 2 L/min did not affect the composition 
of the extract fraction significantly (Table 3). Hence, operat- 
ing the column at a higher CO, flow rate, 2 L/min, can reduce 
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TABLE 3 
Effect of CO, Flow Rate on the Extract and Raffinate Composition”” 

Flow rate 
(Urnin) TAG= FFAL Orvzanold Free steroid StEL! 

Exiract 

Raffinate 

1.2 52.5a 26.qb 0.24” 0.76b 1 .65a 
2.0 49.7a 27.6b 0.20= 0.81” 2.07a 
1.2 73.2b 4.9” 1.35b 0.2@ 3.55” 
2.0 75.0b 4.2a 1.30b 0.27a 4.74= 

‘Fractionation experiments were carried out at 20.5 ktPa and 45°C for 180 min. 
?The numbers in the same column with the same letter are not significantly different (P> 0.051 
‘As HPCC area %. 
dAs w/w%. See Tables 1 and 2 for abbreviations. 

the fractionation time without impairing the FFA-removal ef- 
ficiency. 

Relevance to producing sterol ester-enriched RBO. This 
study demonstrates that phytosterol-enriched oil fractions can 
be obtained from crude oil by utilizing an SFF column. Based 
on the findings of this study, we developed a two-step semi- 
continuous process to demonstrate the application of SFF 
technology to obtain RBO fractions with similar sterol ester 
contents to that found in commercially available phytosterol- 
enriched margarines/spreads. Initially, the FFA content of the 
crude RBO was reduced to an acceptable level (<OS%) at a 
relatively lower pressure and under a thermal gradient col- 
umn operation (i.e., 13.6 MPa and 40/60/70/8O”C). The tem- 
perature of the stripping sections was chosen as 40°C for this 
particular experiment, even though our previous experiments 

Crude SFF Regular Specialty Spread 

FIG. 2. Comparison of a supercritical fluid fractionation (SFF) product 
with commercially available RBO samples. SFF product was obtained 
by a two-step fractionation method. Initially, FFA content of the crude 
RBO oil was reduced from 7 to 0.5% at 13.6 MPa and 40/60/70/8O”C; 
then raffinate was further extracted at 20.5 MPa and under the same 
thermal gradient conditions. Flow rate of the CO, was 2 L/min far both 
extraction steps. The figure shows the phytosterol composition of the 
extract fraction from the second-step fractionation. The abbreviations in 
the figure are as follows: StE = fatty acid esters of phytosterols, FE = fe- 
rulic acid esters of phytosterols (i.e., oryzanol), St = free sterols, crude = 
crude RBO (Riceland Foods Inc., Stuttgart, AR), regular = commercially 
refined RBO (Riceland Foods), specialty = commercially produced 
“high oryzanol” RBO (Riceland Foods), spread = phytosterol enriched- 
margarine (Benacol) purchased at a local grocery store. All of the sam- 
ples were analyzed in our labs. See Figure 1 for other abbreviations. 

indicated that more FFA was removed at higher temperature. 
The reasons for this choice were twofold: (i) The deacidifica- 
tion process takes longer to complete at a higher temperature 
(i.e., SO’C) due to the low density and low solvent power of 
SC-CO, at a low pressure such as 13.6 MPa. Thus, the tem- 
perature of the stripping section was set at 40°C to maintain a 
higher solvent density and to speed up the deacidification 
process. (ii) As a common practice: temperature gradient is 
applied to the column in an ascending order, starting from the 
stripping section. Hence, higher stripping section temperature 
would require even higher temperature settings for the enrich- 
ment section. The use of high temperatures (i.e., >8O”C) can 
cause oxidation and/or degradation of some of the lipid com- 

ponents. Then, sterol ester-enriched oil was extracted from 
the raffinate fraction at a moderately higher pressure (20.5 
MPa). 

The experimental results presented in Figure 2 illustrate 
the efficacy of the approach described in this study. We were 
able to obtain RBO fractions with -23% (combined StE and 
oryzanol HPLC area %) total sterol ester content, which is 
very similar to that of a commercially available sterol ester- 

enriched margarine/spread, -21% (HPLC area %StE). Sterol 
esters in the SFF product were in the form of both sterol es- 
ters of fatty acids and ferulic acid (oryzanol), whereas the 
commercial product contained only the StE. We were not able 
to detect any oryzanol in the RBO, which was refined using 
conventional methods. OryzanoI content of the specialty oil, 
which was marketed as “high oryzanol” oil, was only OS%, 
which was much lower than that of the SFF product, contain- 
ing 13.5%. According to the manufacturer, a special refining 
process was used for the production of “high oryzanol” RBO, 
but details of the process are not revealed due to the propri- 
etary nature of the information. The SFF product had a very 
simiIar FFA content (0.1%) to the commercially available 
RBO products (0.09%). 

To our knowledge, manufacture of commercially available 
phytosterol-enriched products involves isolation of free 
sterols from either tall-oil deodorizer distillate or soybean oil. 
Since free sterols are not soluble in food systems, they are es- 
terified with fatty acids to obtain sterol esters. which have 
higher solubility in fats, allowing them to be incorporated into 
the food systems as functional (cholesterol-lowering) ingre- 
dients. A number of very complex and energy-intensive unit 
operations such as liquid/liquid extraction, esterification, mo- 
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lecular distillation, and crystallization are utilized during the 
production of such products. Although the costs involved in 
the high-pressure processing seem to be a disadvantage for 
the above-proposed SFF method, the simplicity of the process 
and higher quality of the final product (no solvent and chemi- 
cal residues) make this process more attractive. 
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